Shade/CYP314A1 (14) . A deficiency of genes encoding these enzymes results in of-function mutants of shroud, spook, phantom, disembodied, shade, and shadow, which are 1 0 2 often classified as Halloween mutants, commonly result in embryonic lethality with the loss Table S3 ). In contrast, the A-ring of EST is located deep inside of the H-site and makes 1 7 1
intensive interactions with H-site residues ( Fig. 2A , SI Appendix, Table S3 ). Ser14, Pro15, completely conserved among the Nobo proteins (Fig. 3A, Fig. 3B, Fig. 3C , SI Appendix, 1 7 4 Table S3 ). The conservation of these residues among DmGSTD/E/T proteins are less than 1 7 5 those among Nobo proteins (Fig. 3D, Fig. 3E, Fig. 3F , SI Appendix, Table S3 ). While Ser114, 1 7 6
Met117, Ser118, Val121, Thr172, and Leu208, which form hydrophobic interactions with 1 7 7
EST, are not conserved completely in the Nobo proteins, they show higher conservation than 1 7 8 that found among DmGSTD/E/T proteins. These results suggest that the three-dimensional While the H-site has an overall hydrophobic character, there is one charged residue, carboxyl group of Asp appears to be ionized, as expected considering that its isoelectric point is approximately 3.6 and that crystallization in solution was achieved at a pH of 6.4. This is 1 8 8 the only hydrogen bond found between EST and DmNobo and seems to be critical for EST To evaluate the contribution of the hydrogen bond to the interaction with EST, total 1 9 1 interaction energies between EST fragments and DmNobo amino acid residues were 1 9 2 calculated using the fragment molecular orbital (FMO) method, which can evaluate the inter-value of approximately 2.3 μ M (Fig. 4A, Fig. 4C ). In contrast, the enzymatic activity of results suggest that Asp113 is critical for interaction with EST.
7
We also employed MD simulations to confirm the contribution of Asp113 to the in DmNobo [WT] was less than ~6.60 Å (SI Appendix, Fig. S6A, Fig. S6B ). In contrast, with 2 3 7 the MD simulation of DmNobo[Asp113Ala], the maximum RMSD value was less than ~9.54 2 3 8 9 Å (SI Appendix, Fig. S6A, Fig. S6B ). These simulation results also support the possibility that DmNobo (Fig. 3A, Fig. 3B, Fig. 3D ). An exception is found in Nobo of the yellow fever residue was found at the corresponding position of the DmGSTD/E/T proteins, other than 2 5 0 Nobo ( Fig. 3C, Fig. 3E , Fig 3F) . Consistent with the amino acid composition, EST did not 2 5 1 inhibit the enzymatic activity of the DmGSTE6 or DmGSTE9 recombinant proteins ( Fig. 3G ).
5 2
These results suggest that Nobo proteins utilize Asp113 to recognize their target compounds 2 5 3 as a common feature and that Asp113 serves a biological role. Asp113 is essential for Drosophila melanogaster embryogenesis 2 5 6
Finally, we examined whether Asp113 is essential for any in vivo biological function of 2 5 7
DmNobo. We utilized a CRISPR-Cas9-based knock-in strategy to generate a nobo allele 2 5 8 encoding an Asp113Ala point mutation (nobo 3×FLAG-HA-D113A ). We found that no trans-2 5 9 heterozygous mutant D. melanogaster with nobo 3×FLAG-HA-D113A and the complete loss-of- D113A /nobo KO embryos exhibit an undifferentiated cuticle phenotype (Fig. 5A, Fig. 5B ) and a 2 6 5 failure of head involution ( Fig. 5C, Fig. 5D ). These phenotypic characteristics were very 2 6 6 similar to the feature of Halloween mutants, such as nobo KO /nobo KO homozygotes (18). We confirmed that the protein level of Nobo 3×FLAG-HA-D113A was comparable to that of 2 6 8
Nobo 3×FLAG-HA-WT ( Fig. 5E, Fig. 5F ), suggesting that the phenotypes were due to loss of 2 6 9 protein function, but not impaired gene expression. Taken together, these results show that In this study, we employed an integrated experimental approach, involving in silico, in vitro, GST protein, Nobo. GSTs are widely expressed in all eukaryotes and are also massively 2 7 7 duplicated and diversified (24). Among them, the nobo family of GST proteins is strictly 2 7 8 required for ecdysteroid biosynthesis in insects. Importantly, the lethality of nobo mutation in 2 7 9 D. melanogaster is rescued by overexpressing nobo orthologues, but not by overexpressing unique structural property that make Nobo specialized for ecdysteroid biosynthesis. Regarding this point, this study is significant in that we found that the unique acidic amino An endogenous ligand for Nobo remains a mystery. This study, however, provides 2 9 0 some clues for considering candidates for an endogenous ligand. First, it is very likely that 2 9 1 the ligand forms a hydrogen bond with the Oδ/Oε atom of Asp/Glu113, given that the nobo 2 9 2
Asp113Ala point mutation was embryonic lethal and the complete loss-of-function nobo 2 9 3 phenocopy in mutant D. melangaster. Second, considering the complementary shape between 2 9 4 the H-site and EST, it seems reasonable to predict that the endogenous ligand(s) is at least 2 9 5 similar in shape to steroids. This prediction is also supported by the fact that Nobo acts in 2 9 6 ecdysteroidogenic tissues where steroidal molecules are enriched. One steroid that possesses 2 9 7 these features is cholesterol. Evidence from our previous study suggests that nobo may be 2 9 8 involved in cholesterol transport and/or metabolism in ecdysteroidogenic tissues (17-19). Very interestingly, an MD simulation indeed predicted that cholesterol can stably bind to the GSTs have been shown to exhibit "ligandin" function to carry and transport specific ligands 3 0 5
in cells (32). Currently, we have failed in multiple attempts to detect DmNobo-cholesterol 3 0 6
complexes via crystallographic analyses, and further experiments are needed for clarify any 3 0 7
interaction between Nobo and cholesterol.
3 0 8
The activities of insect ecdysteroids can be disrupted in vivo using chemical agonists 3 0 9
and antagonists of the ecdysone receptor, some of which are also utilized as insecticides (33).
However, chemical compounds that specifically inhibit ecdysteroid biosynthesis are not 3 1 1
available. This study provides the first structural information for guiding the development of We emphasize that this report is the first to describe the physical interactions between CT+mix, and DI components) using paired interaction-energy decomposition analysis 3 8 5
(PIEDA) (28, 29). OPLS3 force field (54). Preparation for MD simulation was conducted using the Molecular DmNobo[Asp113Ala]_EST-GSH, which were subjected to energy minimization, were placed 3 9 5
in an orthorhombic box with a buffer distance of 10 Å to create a hydration model, using the 3 9 6
TIP3P water model (55). NaCl (0.15 M) was added as the counterion to neutralize the system. The MD simulations were performed using Desmond ver. 2.3 (Schrödinger) (56). The cut-off 3 9 8 radii for the van der Waals and electrostatic interactions, and the time step, initial temperature, and pressure of the system were set to 9 Å, 2.0 fs, 300 K, and 1.01325 bar, respectively. The For the phylogenetic analysis of insect GSTD/E/T proteins, previously described other GST proteins (SI Appendix, Table S5 ). A phylogenetic tree was drawn with COBALT 4 1 3
using the 372 GSTs with a neighbor-joining algorithm. We identified 371 sequences with a 4 1 4
Grishin-sequence difference of 0.9, which included 151 GSTDs, 178 GSTEs, and 42 GSTTs. The GSTEs included 21 Nobo proteins. To calculate the amino acid frequencies, the obtained 4 1 6
alignment was manually edited based on the known crystal structures, using Jalview (63).
1 7
The amino acid frequencies were calculated and illustrated using WebLOGO version 3.7.4 4 1 8
(64), and colored using the "Chemistry (AA)" scheme. The generation of D. melanogaster knock-in flies was performed as described in the SI 4 2 2 materials. We found that nobo 3×FLAG-HA-WThomozygous flies were fully viable, whereas HA-D113A -heterozygous and -homozygous embryos for cuticle preparation and immunostaining.
2 5
To formally rule out the possibility that the embryonic lethality was due to anonymous 4 2 6 deleterious mutations other than nobo 3×FLAG-HA-D113A , we counted the number of trans-4 2 7
heterozygous flies with a nobo knock-out (nobo KO ) from a previous report (18), as follows.
1 5
Embryonic cuticle preparation was performed as previously described (65). Immunostaining 4 3 8
for whole-mount embryos was conducted as previously described (18) hydroxylation of ecdysone to the steroid insect molting hormone 20-hydroxyecdysone.
2 8
Proc Natl Acad Sci 100(24):13773-13778. Physiol 93-94:94-104. The interaction energies were calculated from the PIEDA analysis, based on the FMO are shown. Numerical data for (C) are available in the SI Appendix, Table S4 . 
